Microelectromechanical systems (MEMS)
Abstract

Introduction
As silicon-chip designers have been packing more electrical elements into smaller packages to make faster computers, others have been building mechanical, chemical, and optical devices on this same silicon.
When machines and electronics are combined on a single chip and batch fabricated, the result is a microelectromechanical system (MEMS). 1 MEMS goes beyond a specific application or device, or a single fabrication process; it provides new and unique capabilities in sensing and actuation. MEMS is a key enabling technology for the development of smart products/systems for a broad range of applications.
One advantage of using MEMS over other sensor and actuator technologies is that MEMS can be batch fabricated in large numbers inexpensively (i.e., thousands or millions per batch), making sophisticated distributed sensing and control schemes incorporating large numbers of devices possible. Another advantage is that the small size of MEMS devices (typically less than 1 mm to as small as a few microns) allows them to be incorporated into a structure without compromising the geometry, weight, function, or inherent properties of the structure. Because of their small size/mass, MEMS devices have higher resonant frequencies than their conventional counterparts.
For fluid dynamics measurements, it is preferred that sensors be small so as to approximate measurement at a point. This is illustrated by recent developments in micro wall-shear-stress sensors and hot-wire anemometers.
2 Micro-actuators on the other hand have to have a size of the order of a boundary-layer displacement thickness to be properly effective, which in turn allows sub-millimeter devices near leading edges or at stagnation points, but elsewhere the devices would have to be larger. A microdevice may also be effective if it couples into an unstable or bi-stable phenomenon such as in a fluidic control. also provide the capability for self-calibration and testing. Since the cavity below the plate is exposed to the environment, steady ambient pressure changes have no effect.
To calibrate the sensors, a laminar flow calibration chamber is designed. 9 The sensor chip is mounted in a recessed groove and subjected to a defined, characterized laminar flow. The gas enters one end of the flow channel, and travels a length sufficient for full flow development before reaching the sensor chip. Pressure ports along the channel allow the pressure gradient of the flow to be characterized.
The deflection of the suspended plate is measured under a microscope and the relationship between flow and deflection is oetermined.
It is also possible to monitor the element deflection electronically. The shear stress in the flow channel is calculated based on the measured pressure gradient and independently based on the flow rate. The channel height is determined by the thickness of a thin shim stock bolted in between the upper and lower flow channel plates.
The graph in Fig. 2 The sensorscanalsobe usedto measure the shearstressin a turbulentboundary layer.The deviceshave resonant frequencies of -13KHz, but the currentelectronicshavea flat response only to -3KHz. Clearly,capturingthe high-frequency structures in a turbulent flow wouldrequirea newmechanical designandnewelectronics. In turbulentflow, there will benormalpressurefluctuationswith magnitudes on the orderof p' = O.Ol(1/2pV2).
At Re o = 1000, the pressure fluctuations are 2.2 times larger than the shear stress; at
Re o = 50,000, the ratio is 5.8. In addition to the large squeeze damping effect between the floating plate and the substrate, the stiffness of the beams supporting the plate in the normal direction is a factor of -10 times higher than that in the lateral direction, so these normal loads should not ruin the sensor's performance.
Heat
Flux S¢n_Qr Arrays in a Smart Skin Technology is being developed that also serves as a vehicle for developing smart skin technology.
The concept is outlined in Fig. 3 . An array of heat flux sensors is contained in a flexible surface that is sized to conform over a turbine blade or other test article. Electrical connections are made by metal lines microfabricated in the flexible material, eliminating the need for external wires. At one end of the army, which may be extended before the base of the turbine blade and away from the turbine gases, an interface chip is directly mounted to contact pads in the flexible material, eliminating the need for external wiring. The interface chip provides signal amplification and substantially reduce the number of output lines required through multiplexing.
The sensing army is bonded to the surface of the turbine blade, conforming to its shape and providing multiple sensor locations distributed across the surface. The skin sensor array will allow a detailed area profile of surface heat flux to be measured, providing valuable data about unsteady heat transfer phenomenon in turbomachinery.
A cross section of an individual
heat flux sensor is shown in Fig. 4 imbalancesthe bridge. If a current flows through the bridge, there will be a voltage betweentheoutputnodesthatis proportional to theheatflux.
Flexible Mounting Surface
InterfaceChip OutputRibbon SingleHeat_ux Sensor In additionto the heatflux sensingapplication describedhere,we envisiona wide range of MEMS that could be employedin a smartskin for a wide variety of surface sensingandactuationapplications. Incorporationof suchdevicesinto a smartskin array would furtherextendthe capabilitiesof sensortechnologies for usein smartstructuresby providing a convenient meansof sensor placement onanarbitrarystructuresurface.
Issues In Fluid Dynamics And Heat Transfer At Micro Scales
Because of the low Reynolds (Re) numbers associated with micromachines, viscous forces dominate inertial forces, Stokes flow is likely, the flow is often reversible in direction, and friction is proportional to velocity-instead of velocity squared as in inertial-dominated flows. The entrance region in microchannels is short, while microvalves, pumps, and jets operate with length-to-diameter ratios less than one, where fully-developed profiles are not likely. In all low-Re-number flows, the friction coefficient is inversely proportional to length.
Con{inuum Assumotion
At standard atmospheric conditions, the continuum assumption may fail when the size of the device approaches the micrometer range. For devices with characteristic length around ll.tm, the Knudsen number, defined as the ratio of mean-free path to the geometric length scale, would be 0.07 at STP. For Knudsen numbers above 0.01, the continuum approach may be inadequate since the flow no longer experiences sufficient collisions to behave according to the equations governing macro flows. Instead, rarefied-gas methods must be used.
Turbulent
Boundary-Laver Rouehness
In a turbulent boundary layer, the viscous sublayer is defined by y+ = yu. / v < 5.
Where u. = ._ / p. For an actuator with height H + less than 5, the flow is hydraulically smooth, and friction drag is not increased. representsthe ratio of buoyancyto viscous forces. For a device at temperatureTw,
. Gr will normally be very small, and buoyancy is negligible. Natural convection of heat will be small, and a viscous layer dominated by thermal diffusion will occur.
Surface TensiQn
Surface tension is important whenever there is an interface between a gas, solid, and liquid. The pressure change across an interface with curvature R is: 
Skin-Friction Reduction
A turbulent boundary layer is less prone to separation but is characterized by large skin friction.
One technique for reducing the turbulent skin friction is to reduce the nearwall momentum by blowing. The local skin-friction coefficient for a flat plate is:
where V 0 is the normal velocity of fluid injected through the surface (positive in blowing). Because blowing reduces the skin-friction drag but increases the pressure drag by tending to separate the boundary layer, the goal is to reduce friction while avoiding actual separation.
Arrays of microjets and shear-stress sensors could be used. The sensors would monitor the local shear stress and control the amount of blowing to avoid separation.
Wave
Cancell_ltion to Delay Transition
If the frequency, orientation, and phase angle of the dominant dement of the spectrum of growing linear disturbances (T-S wave) in the boundary layer is detected, a control system and appropriately located disturbance generators may then be used to effect a desired cancellation or suppression of the detected disturbances by introducing a disturbance of opposite phase." MEMS wall actuators could provide wall heating/cooling, plate vibration, or periodic suction/blowing. This is very similar to active-noise-control systems. In noise cancellation, an array of inexpensive MEMS microphones could be used to measure the spatial and temporal noise. This data could then be combined with neural networks controlling macro-scale actuators to cancel the noise.
Aircraft Control
Microflaps attached to the leading edge of an F-15 fighter have been proposed for creating rolling moments. 14These flaps are located near the leading edges of highly swept delta wings. When activated on one side, they alter the leading edge vortex on that side of the wing creating an imbalance in the vortex lift between the two sides of the wing, thus giving rise to the rolling moment.
The resulting rolling moment obtained in the reported experiments 9 is of the order 1% of the "vortex lift moment" defined as the products of the vortex lift force on one side of the wing times the distance between the point of application of the moment and the delta-wing centerline.
A larger flap closer to the leading edge gave a larger result.
Conclusion
MEMS signifies the integration of sensors, actuators, and electronics on a single substrate.
Because of their small size, low cost, high performance, and sophisticated functionality, MEMS sensors and actuators offer exciting opportunities for aerodynamics applications.
MEMS sensor development for aerodynamic applications is more mature than that of the actuator development, since MEMS actuators have to be scaled (up) to the physical phenomena that are being controlled. While laboratory demonstrations of MEMS devices are olten promising, significant packaging challenges must usually be overcome for practical use.
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